Abstract. We report on the design, construction and operation of a low background x-ray detection line composed of a shielded Micromegas (micromesh gaseous structure) detector of the microbulk technique. The detector is made from radiopure materials and is placed at the focal point of a ∼ 5 cm diameter, 1.3 m focal-length, cone-approximation Wolter I x-ray telescope (XRT) comprised of thermally-formed (or "slumped") glass substrates deposited with multilayer coatings. The system has been conceived as a technological pathfinder for the future International Axion Observatory (IAXO), as it combines two of the techniques (optic and detector) proposed in the conceptual design of the project. It is innovative for two reasons: it is the first time an x-ray optic has been designed and fabricated specifically for axion research, and the first time a Micromegas detector has been operated with an x-ray optic. The line has been installed at one end of the CERN Axion Solar Telescope (CAST) magnet and is currently looking for solar axions. The combination of the XRT and Micromegas detector provides the best signal-to-noise ratio obtained so far by any detection system of the CAST experiment with a background rate of 5.4×10 −3 counts per hour in the energy region-of-interest and signal spot area.
Contents
Currently, the most powerful axion helioscope is the CERN Axion Solar Telescope (CAST), now in operation at CERN for more than a decade. The experiment uses a Large Hadron Collider (LHC) dipole prototype magnet with a magnetic field of up to 9 T over a length of 9.3 m and an aperture of 2×15 cm 2 [18] , that is able to follow the Sun for ∼ 3 hours per day using an elevation and azimuth drive. CAST originally set an upper limit on the axion-to-photon coupling of g aγ (95% CL) < 8.8 × 10 −11 GeV −1 [19, 20] for axion masses up to 0.02 eV. Using the buffer gas technique [21] the sensitivity was further extended to masses up to ∼1eV. The average upper limit provided by CAST with 4 He (2005 4 He ( -2006 ) and 3 He (2008 3 He ( -2011 )is g aγ (95% CL) 2.3 × 10 −10 GeV −1 [22, 23] and g aγ (95% CL) 3.3 × 10 −10 GeV −1 [24] , respectively, with the exact value depending on the pressure setting.
It has been recently put forward [25] that the helioscope technique can be substantially scaled up in size by building a large aperture superconducting magnet, and by extensive use of x-ray focusing optics and low background x-ray detection techniques. This has been the basis for the proposal of a new generation axion helioscope, the International Axion Observatory [15, 26] . IAXO envisions the construction of a large superconducting 8-coil, 20-m long toroidal magnet optimized for axion research [27] . Between the coils, the IAXO magnet will host eight 60 cm-diameter bores, each of them equipped with x-ray optics [28] focusing the signal photons into ∼0.2 cm 2 spots that are imaged by ultra-low background Micromegas (MM) x-ray detectors [29, 30] . The magnet will be built into a structure with elevation and azimuth drives that will allow solar tracking for ∼12 hours each day. In terms of signal-to-noise ratio, IAXO will be about 4−5 orders of magnitude more sensitive to Primakoff solar axions than CAST, which translates into a factor of ∼20 in terms of the axion-photon coupling constant g aγ . That is, this instrument will reach the few ×10 −12 GeV −1 regime for a wide range of axion masses up to about 0.25 eV.
Although all the enabling technologies for IAXO exist, and the anticipated experimental parameters are considered reachable within the current state-of-the-art, the project is undergoing a stage of validation and prototyping as part of its technical design phase. We here present the design, construction and operation of a system that has been conceived as a technological pathfinder for IAXO, combining two of the techniques (optics and detector) proposed in the conceptual design of the project. The x-ray detector system is a shielded Micromegas (micromesh gas structure) detector made from radiopure materials and using the microbulk technique, an evolution of the detectors already used in the past in the CAST experiment. However, in the present configuration the detector is placed at the focal point of a ∼5 cm diameter, 1.3 m focal-length, cone-approximation Wolter I x-ray telescope comprised of thermally-formed (or "slumped") glass substrates deposited with multilayer coatings. This technology for x-ray optics is the one used in NASA's hard x-ray astrophysics NuSTAR satellite [31] and was identified in [25] to have the potential to cost-effectively cover the areas needed for IAXO with first-rate axion performance. Although CAST has already used x-ray focusing optics for one of its four detector lines [32] (one of the spare optics from the ABRIXAS soft x-ray mission), this is the first time an x-ray optic is designed and built purposely for an axion application. It is also the first time a Micromegas detector is operated with an x-ray optic in an experimental setup. The system was installed in 2014 in one of the ports of the CAST magnet looking for axions during sunrise and is currently acquiring data in the experiment. The combination of the telescope and Micromegas detector provides the best signal-to-noise ratio obtained so far by any detection system of the CAST experiment and has a background rate of 5.4×10 −3 counts per hour in the signal spot area and in the energy region-of-interest (RoI), which is between 2-7 keV.
In Section 2 we briefly describe the system in general, while the x-ray telescope and the x-ray detector are described in detail in Sections 3 and 4, respectively. In Section 5 the installation and commissioning of the system in CAST is presented, as well as its main performance parameters obtained. Finally, Section 6 includes our conclusions and prospects.
Overview of the system
The new line is situated at one of the CAST sunrise magnet cold bores 1 . It has been designed to fit the dedicated x-ray optic and the low background Micromegas detector system, and to align the two elements with the magnet bore. Both the optic and the detector have imposed some constraints on the line. On one side, the detector must be placed at the focal point of the optic (already fixed because of space constraints of the experiment), which fixed the length of vacuum elements. On the other side, the lead shielding must cover the detector tightly to effectively reduce the external gamma flux, which limits the range of the alignment elements. A schematic view of the line is shown in Figure 1 . Axion-converted x-rays coming from the cold bore would cross a gate valve (labelled a in Figure 1 ), which isolates the line from the magnet during commissioning periods, and a differential window (b) made of 4 µm mylar, which protects the magnet cold bore vacuum in case of a degradation of vacuum on the detector side. The optic case (c) is directly bolted to this element (b). Between the Micromegas detector and the optic, there are four elements: a bellow (d), which allows to precisely align the detector with the optic in combination with a precision stage (g); a stainless steel tube (e), whose length roughly fixes the detector position at the optic focal length; a calibration system (f), composed of an actuator with an 55 Fe source and a copper interface tube (h), which is screwed to the detector chamber (i) and forms also part of the shielding. An octagonal Polytetrafluoroethylene (PFTE) cassette covers the inner tube's walls to block the fluorescence coming from the copper, which might be activated by external radiation. As shielding, there is a lead layer of 10 cm thickness (j), which reduces the external gamma flux, and a plastic scintillator coupled to a photomultiplier (k), which works as an active muon veto. The optic and the Micromegas detector are described in detail in the following.
Optics

Overview
The x-ray optic designed for use with Micromegas detectors was made following the same techniques [33] [34] [35] [36] developed for NASA's NuSTAR satellite mission [37] . In this approach, flat-panel glass is thermally formed (slumped) in cylindrical shapes and then cut into conical (truncated) cones. After cleaning, the glass substrates are deposited with multilayer coatings to enhance x-ray reflectivity. These individual x-ray reflectors are then epoxied into a precision assembly that results in a reflective x-ray optic that approximates a Wolter I geometry [38] . For solar axion experiments, x-ray telescopes made from segmented glass substrates offer two distinct advantages, compared to integral-shell telescopes made via replication or from large glass/ceramic blanks. First, unusual, azimuthally asymmetric designs can be fabricated to minimize the amount of space required for vacuum lines and supporting hardware. This consideration is particularly important for CAST, since during its lifetime, the experiment has undergone several upgrades that have required the addition of new structures. As a result, there is limited space for new instruments, so the use of segmented-glass fabrication technique was critical in building just enough of an x-ray optic to cover a single magnet bore that has a diameter of 43 mm. Second, one can deposit multilayer coatings optimized to maximize the x-ray reflectivity exactly at the peak of the axion spectrum, thus increasing the signal-to-noise and sensitivity. This unique advantage is discussed in more detail below.
Design of the optic
Since the angular size and spectrum of potential solar axion emission is known, a figure of merit can be defined that can be used to optimize an x-ray telescope for an axion helioscope [25, 26] . For CAST, the optical design space is quite limited for a number of reasons.
First, the new x-ray optic, Mircomegas detector, vacuum vessels and shielding must conform to the limited physical space of the new beamline. This limited the optic to a focal length of 1.5 meters. Another important constraint was the re-use of existing infrastructure originally fabricated for the NuSTAR x-ray telescope [35, 36] . This set a minimum radius and defined the length of upper (parabolic-like) and lower (hyperbolic-like) shells. Based on these two constraints, a cone-approximation design was generated, compatible with a Micromegas serving as the focal plane and compliant with overall CAST constraints. Table 1 lists the properties of the CAST telescope, Figure 2 at the top shows a two-dimensional cross-sectional schematic of the optic and Figure 2 bottom shows a 10:1 stretched ray-trace of the optic. The next step was to design the x-ray-reflective multilayer coating, using the general approach discussed in detail in [28] . For this particular optic for CAST, given the limited options in changing the key parameters for the optical design, we fixed the multilayer material system to be Pt/C and decided to limit the different multilayer recipes to four. A full explanation of the optimization process is given in [39] . Table 2 . Multilayer coating prescriptions of the Pt/C multilayers.
Expected CAST performance
The point spread function (PSF) and effective area EA (throughput) of the x-ray optic will be calibrated in detail after the scientific campaign. In the meantime, we have estimated the performance of the optic, as part of the CAST helioscope, based on measurements of the witness samples from the multilayer depositions (for details see [39] ) and the in situ measurements with a Cool-X source [40] (see Section 5) . The assumption that the optic has the same PSF as the NuSTAR telescopes [37] is supported by the Cool-X data. Specifically, a baseline model has been assumed where the figure errors produce a PSF well-described by a narrow Gaussian core of 30 arcsec and a half-power diameter (HPD, sometimes also referred to as the 50% encircled energy function [EEF]) of 58 arcsec.
As a detailed calibration of the new XRT has not yet been performed, to be conservative, for the purpose of defining the extraction region for the CAST science analysis, a PSF that is 1.3 times worse than expected is assumed. Although this will result in a slightly higher estimate of the background, this conservative step minimizes the risk of missing a putative signal. After the detailed calibration is performed, the analysis can be repeated with smaller extraction regions.
To simulate the expected signal spot size, the emission region was modelled as a 3 arcmin diameter, located 1 A.U. from the CAST experiment, and assumed a solar axion differential spectrum given in [20] of the form
where E the axion energy in keV.
Millions of photons were ray-traced through the optic, before they were registered on an infinitely large sheet at the focal plane to calculate the telescope throughput (effective area). Figure 3 , plots the EA versus energy. It should be noted that this EA is lower than what would be computed using standard practice in the x-ray astronomy community, which reports EA for a point-source on-axis. This approach directly accounts for the loss of throughput and vignetting when imaging an extended source. Finally, a conservative lower energy limit of 1 keV has been set, since no previous calibration of a segmented glass x-ray telescope in the soft x-ray regime exists.
Because the bore only illuminates approximately a 30 • azimuth "wedge" of a surface of revolution, the resultant focused light is not circularly symmetric. For a point-source, the resultant image would resembled a bow-tie. For a source with a 3 arcmin extent, the resultant focused spot is roughly rectangular. Rather than circular extraction regions (e.g., the commonly used half-power diameter), rectangular extraction regions are used. As the Figure 3 . Effective area (cm 2 ) and transmission (percentage) versus energy. The transmission is computed by dividing the effective area (EA) by the geometric area of the 43 mm diameter bore. The EA was modelled using the as-built optical prescription, assuming a half-power diameter of 75 arcsec and that the solar axion emission comes from a uniformly distributed 3 arcmin disc.
extraction regions increase in area, more of the photons will be captured. Table 3 . Extraction region sizes and captured flux.
Detector
The design of the new detector (Figure 4 ) is the prime example of the current state-of-theart in low background techniques [29] , developed for the Micromegas detectors. In contrast to previous designs [41] the body and the chamber of the detector are made of ∼18 mm thick radiopure copper which has been carefully cleaned; moreover, all the gaskets consist of radiopure PFTE. A new field shaper has also been installed, printed on a kapton circuit and integrated in the chamber. The field shaper, which increases the uniformity of the drift field and reduces border effects, is externally covered by a 3 mm thick PFTE coating in order to block copper fluorescence. In addition, the high voltage (HV) connections were implemented in the detector's printed board, allowing for an easy extraction of signal and voltages out of the shielding. A picture of the new Micromegas readout plane is shown in Figure 5 . New Micromegas planes of the microbulk type have been manufactured for the new line. The readout has been modified with respect to previous versions [42] : the strip pattern has a smaller pitch (500 µm instead of 550 µm) while keeping the same active area (60 × 60 mm 2 ), which has increased the number of strips to 120 per axis (as opposed to 109). This new design is the result of studies made on the Micromegas detectors in order to improve their performance and of the enhancements of the manufacturing technique [29] . So far, it is the Micromegas with the best performance at CAST with a 13% (FWHM) at 5.9 keV ( Figure  6 , left), close to the 11% (FWHM) reached by small non-pixelated microbulk prototypes (3.5 cm diameter) [43] . The detector shows a good homogeneity of the gain in the active area ( Figure 6 , right). This improvement in performance is due both to a better manufacturing technique and to the implementation of an optimal ground strategy, described at the end of the section. The electron transmission curve of the detector, which indicates the percentage of primary electrons that will pass from the conversion to the amplification area of the detector through the micromesh, depends on the ratio of the fields in the two regions and defines the range of drift fields for an optimum detector performance. In the new detector this range has been enlarged with respect to the previous ones (Figure 7 , left), due to a change of the geometry of the micromesh holes (diameter and pitch) and the increased uniformity provided by the field shaper. The gain curve (Figure 7, right) , mainly defined by the amplification gap and the gas conditions, is similar to previous designs. After focusing by the optic, the signal region is expected to be reduced to a <5 mm spot, therefore the x-ray window (cathode) strongback pattern has been modified to resemble a spider-web design with a central hole of 8.5 mm in diameter, big enough to contain the expected axion signal image. The focused x-rays go through the 4 µm-thick aluminized polypropylene window avoiding the grid structure, which was responsible of a ∼10% of efficiency loss in previous setups. Consequently, the efficiency of the new detector is increased. A photo of the new strongback design together with its projection during calibrations in the detector are shown in Figure 8 . Signals induced both in the mesh and in the strips come out from the active area by printed paths situated in the medium layer of the Micromegas detector. The mesh pulse is subsequently amplified by a CANBERRA 2014 preamplifier and an ORTEC 474 Timing amplifier and then duplicated. One of these copies is then sampled at 1 GHz frequency in a 2.5 µs window and recorded by a 12-bit dynamic range VME digitizing board, MATACQ (MATrix for ACQuisition) [44] . Meanwhile, the strip pulses pass to an interface card, where they are distributed to four flexible cables connected to an AFTER (ASIC For TPC Electronics Readout)-based FrontEnd Card board [45, 46] . Each one of the four AFTER ASICs collects and samples the strip signals continuously at 100 MHz in 512 samples per channel, recording a window of ∼5µs, which is longer than the maximum drift time of charges created in the active volume. The readout electronics are triggered by the second copy of the mesh pulse. Then, the analogue data from all channels is digitized by an Analog-to-Digital Converter (ADC). Finally, a pure digital electronics card, the FEMINOS board [47] , gathers ADC data, performs the pedestal subtraction and sends them to the data acquisition (DAQ) system by means of an ethernet connection.
Special attention has been given to grounding in the electronics design: signal paths are surrounded by a ground layer at the detector, the interface card and the flat cables to avoid any coupling; the AFTER-based cards and the preamplifier are fixed to the inner part of a Faraday cage to minimize induced noises and each of the high voltage lines has a dedicated low-frequency filter to dim ripples from HV sources.
The 3D reconstruction of an event is made combining the strip pulses, whose temporal position determines the z axis, and the detector decoding, used for the spatial coordinates, x and y on the detector plane. The charge collection of each event is projected in both spatial and temporal direction. As an example, the signals induced on strips and acquired by the AFTER-based electronics and the resulting yz projection is shown in Figure 9 .
Installation and commissioning in CAST
The new SRMM detector system was installed at CAST in August 2014. Rough alignment of the optic and its housing was performed using standard surveying techniques. The next step was to locate a HeNe laser on the bore of the magnet, and using fiducials built into the support structure of the optic, to do a fine alignment. The final step was to insert a diffuser into the visible laser beam, to illuminate the entrance bore of the x-ray telescope. Because a Wolter design is reflective, the optic focuses visible wavelength well (although there is some diffraction), and we compared the measured HeNe transmission at the exit aperture of the x-ray telescope with our ray-trace results. The measurement and simulation are show in Figure 10 , and the agreement between the two indicated that the telescope was aligned to better than 30 arcsec. Figure 10 . Illumination of the X-ray optic with a HeNe (visible wavelength) laser, after installation and alignment of the telescope into CAST. These images represent the light reflecting and diffracting through the optic, just after the exit aperture. The large gap is due to obscuration by the graphite spacers used to fabricate the optic. Left: Simulation based on ray-trace techniques and ad hoc corrections to account for visible wavelength diffraction. Right: Photograph of the HeNe laser reflection and diffraction through the optic.
After the telescope was aligned using the theodolite, the vacuum components for the differential pumping [41] were installed on either side (elements b, d, e and h of Figure 1 ). The alignment of the Micromegas detector followed, in such a way that the spot be focused at the center of the sensitive area of the detector. In order to accurately fix the position of the detector, a polyethylene support was built. An XY stage was designed as a tailormade solution to cope with the total weight of the full assembly (∼30 kg) and the moment distribution fixed by geometrical constraints given by the shielding volume and the available room on the detector platform. The alignment was performed with a blank flange at the place of the detector cathode; the flange had a design of the detector's cathode hole-pattern imprinted, on which the parallel laser beam was focused (Figure 11, left) . When the chamber position was defined, the bolted unions of the XY stage were locked, fixing thus the position of all line components. Then, the detector replaced the alignment flange and the chamber support was dismounted. The link between the vacuum line and the detector is made by a 20 mm-thick copperpipe interface with a PFTE coating. The aperture of the pipe has a diameter of 25 mm. A shielding of 10 cm of lead was then built around the detector, leaving only one side at 7 cm because of space constraints. The inner shielding is the detector chamber itself, made of 18 mm radiopure copper. Following the results of extended studies performed [29] , a plastic scintillator for the detection of cosmic muons was installed on the top of the shielding. The scintillator covers a part of the pipe that connects the Micromegas with the optic, as external radiation interacting with it is thought to be the source of a significant amount of the background [29] . With the information from the scintillator, the induced x-ray-like events can be discriminated by the off-line analysis. A picture of the installed line can be seen in Figure 11 , right.
Stability of the spot position
The exact knowledge of the position of the spot on the detector is crucial for the data analysis of the experiment, as it defines the area where the expected signal from the axions is to be focused. For this reason, an Amptek Cool-X x-ray generator was installed on the side of the bore opposite of the XRT-Micromegas line (i.e. sunset side of the magnet), with a mechanism that can move the source in, placing it on the optical axis of the system, and out of the field of view of the optic (referred to as "x-ray finger"). Once an operational vacuum level was achieved, the Cool-X was turned on to illuminate the x-ray optic and a long integration was acquired. Figure 12 compares the detector data (left panel) with the ray-tracing simulations (center panel) and then overlays an intensity contour map generated from the ray-tracing results on top the data (right panel). There is excellent agreement. Figure 12 . Cool-X x-ray source illumination of the new x-ray telescope. Left: image measured by the Micromegas detector. Middle: simulation, assuming the Cool-X x-ray emission comes from a uniform 6 mm diameter spot. Contour levels are 6%, 30%, 50% and 80% of maximum intensity. Right: data of the Micromegas detector, now with the simulation contours over-plotted.
The spot position can be periodically monitored performing spot-calibrations with the Cool-X which emits mainly 8 keV photons and bremsstrahlung x-rays. The generator does not produce a constant flux of x-rays but is thermally cycled between 2 to 5 minutes; the flux can vary throughout one cycle and from cycle to cycle. Figure 13 shows the rate recorded by the Micromegas located at the opposite side of the bore, looking for axions during the sunset, compared to the rate of the sunrise detector, sitting at the back of the x-ray generator. The cycles of the generator are evident as well as the 3 orders-magnitude of difference in the recorded rates. As the source is located at a finite distance to the optic, the spot on the detector plane has a larger diameter than the expected signal (see Section 3.3). A spot-calibration can be seen in Figure 14 . An intensity map is shown on the left, while on the right, the energy spectrum acquired during such a calibration is plotted. The higher end of the spectrum is suppressed due to the drop in efficiency of the optic at these energies. Reference runs with the x-ray finger were performed just after the alignment of the system, before and after the sunrise detector shielding was in place. The low count rate from the source at such a distance enforces runs of approximately 8 h in order to collect data with significant statistics. For this reason, spot-calibration runs cannot be taken very often so as not to disturb the normal data-taking program of the experiment. Two more spot-calibration runs were performed, one after the installation of the sunset Micromegas detectors and their shielding at the opposite end of the magnet and one after the data taking period, in mid-November 2014. The centroid of the observed spot events has been used to evaluate any possible changes of the spot position during the period of the 2014 data-taking. Table 4 summarizes the measurements. A small shift is observed when adding the shielding around the detector (second calibration) and the shielding around the sunset detectors at the opposite side of the magnet (third calibration). However, only a a shift of less than 0.2 mm is observed at either direction (x or y) between the last two spot-calibrations, which represent the positions just before and just after the 2014 data-taking of the experiment. Table 4 . Details of the four x-ray finger runs taken in 2014 and the corresponding spot positions. The third run corresponds to the beginning of the data-taking period for 2014. Some change in position is observed with each mounting of the shielding at the two ends of the magnet, however the position of the spot before and after the data-taking did not differ significantly.
Detector performance
The system performance during the ∼50-day data-taking period at the end of 2014 has been stable, as can be seen from the evolution of the monitored parameters like the gain and the energy resolution, plotted in Figure 15 . Detector calibrations are performed at least twice a day, once after tracking the Sun in the morning and once during background acquisition. For this purpose, an actuator places an 55 Fe source in front of the Micromegas detector and retracts it into a shielded position after the calibration. An imprint of the cathode window strongback can be clearly distinguished during the calibration (Figure 8 right) . As already mentioned, the size of the window is calculated to cover an area larger than the expected signal spot, the position of which is indicated by a solid black line at the center of the plot. The data analysis relies on the study of the calibration events, corresponding to xray photons of the energy RoI, and the patterns they induce to several observation parameters. These patterns are then compared to the same parameters of the background events. A detailed description can be found in [30] . Events are registered uniformly over the full detector surface (see Figure 16) ; a good part of them has a temporal stamp that coincides with the signal of the muon-veto, labelled "Muons", which are then rejected by the analysis. The background level achieved at a surface covering the calibration area is (1.6 ± 0.2)×10 −6 keV −1 cm −2 s −1 , which with the veto condition applied is reduced to (1.0 ± 0.2)×10 −6 keV −1 cm −2 s −1 . Figure 15 . Evolution of the gain and the energy resolution (%FWHM at 5.9 keV) of the detector during the data-taking. The fluctuations, measured both at the mesh and at the strips are less than 5%.
Conclusions and prospects
We have successfully built and commissioned a new low-background x-ray detection line, composed of a cone-approximation Wolter I x-ray telescope coupled to a shielded Micromegas detector. The telescope is sized to cover the CAST magnet bore (∼5 cm diameter) and has Figure 16 . A 2D hitmap of background events in the calibration area (outer circle) with energies between 2 and 14 keV, where the two populations of muon-induced events (muons) and the rest (nonveto) are indicated in red and blue respectively. The inner circle marks the position of the cathode window opening, which includes the spot.
been designed to optimize the signal-to-noise ratio of a detection system in CAST. It is comprised of 13 thermally-formed glass substrates deposited with multilayer coatings. It is the first time an x-ray optic is conceived and built specifically for axion physics. The Micromegas detector is placed at the focal point of the telescope, at a distance of 1.5 m, and is able to image the few mm 2 focal spot expected from solar axions.
The system has been installed and commissioned in one of the two sunrise exits of the CAST magnet in August 2014 and is currently taking data. The installation, commissioning and first calibration data have been described in detail. The expected specifications, in terms of spot size and throughput, agree with first experimental data. The background level of the detector has once more improved over previous designs, reaching a value of (1.0 ± 0.2)×10 −6 keV −1 cm −2 s −1 , the lowest achieved at CAST so far; this value corresponds to 5.4×10 −3 counts per hour in the energy RoI and signal spot area. This performance translates to the best signal-to-noise ratio by far obtained by any detection system of the CAST experiment, and will contribute to push the sensitivity of the experiment for the ongoing data taking campaign in 2015.
The system has been conceived as a technological pathfinder for the future International Axion Observatory (IAXO), as it combines two of the techniques (optic and detector) proposed in the conceptual design of the project. It is the first time these two elements are combined and operated together in real data-taking conditions. The operational experience here described is therefore an important milestone in the preparatory phase of IAXO. 
